INTRODUCTION
Lymantria dispar, the gypsy moth (GM), is a serious insect pest of the North American forests where larvae feed on over 300 tree and shrub species, especially hardwood and shade trees. Measures to control the pest and reduce its spread have been implemented in the United States, including augmentative release of natural enemies, chemical pesticides, mating disruption using a chemical pheromone, and use of microbial biopesticides [nucleopolyhedrovirus or Bacillus thuringiensis (Bt)] (Höfte & Whiteley, 1989 ). These measures have been employed with variable success and resistance to biopesticides has evolved rapidly in larval populations. Recent analyses of GM-associated genes generated through characterization of transcriptomes of both an GM-derived cell line IPLB-Ld652Y (Sparks & Gundersen-Rindal, 2011) and the GM larval midgut (Sparks et al., 2013) , identifi ed genes with potential utility for developing molecule-based targeted approaches for GM control.
The discovery of RNA mediated interference (RNAi) has facilitated research to understand gene function and regulation. RNAi provides an effi cient silencing technique to deplete targeted genes by degradation of mRNA into short RNAs (Bernstein et al., 2001; Ketting et al., 2001; Martinez et al., 2002; Bartel, 2004) . The major limiting factors for in vivo application of dsRNA-mediated RNAi 2 units of RQ1 RNase-free DNase (Promega) at 37°C for 30 min, then extracted one time with an equal volume of phenol/chloroform/isoamyl alcohol (25 : 24 : 1) followed by chloroform alone. The resulting aqueous layer was precipitated in one-fi fth-volume ammonium acetate and 3 volumes of 100% ethanol; washed with 75% ethanol and dissolved in nuclease free water.
RNAi in gypsy moth
Two approaches for dsRNA synthesis were investigated for inducing RNAi in GM larvae: (i) expression by HT115(DE3) bacteria and (ii) synthesis by in vitro transcription. Both were then mixed with the appropriate ADs and fed to larvae.
A freeze-dried AD pellet was powdered and placed in the well of a plastic bioassay tray BioServ, Frenchtown, NJ) . The diet was rehydrated by applying 300 μl of dsRNA-induced bacterial culture and green food coloring to monitor ingestion and excretion (Martin, 2004) . For in vitro synthesized dsRNA, 24 mg of the freeze-dried AD was rehydrated using 100 μl of 0.2 μg/ μl of dsRNA containing 2% PEG 8000. Third instar larvae were starved for 24 h and placed on each pellet, a total of 3 larvae per assay. Controls consisting of empty vector (L4440), mock control (LacZ dsRNA) and water only were also tested. Larvae were placed at 27°C until they reached the adult stage. During this period total body mass and egg masses of the females reaching the adult stage were monitored for phenotypic effects of RNAi. To study the level of transcripts by qPCR, the larvae were fed on dsRNA continuously for 5 days with replenishment after 3 days.
Synthesis of cDNA for transcript level measurements
GM gut tissue was isolated by dissection subsequent to dsRNA treatment for cDNA synthesis. Total RNA was isolated from the tissue using either TRIzol (Invitrogen, Carlsbad, CA, USA) or the RNeasy kit (Qiagen). Reverse transcriptase PCR was used to generate cDNA from 200 ng of total RNA using Superscript Reverse Transcriptase III (Life Technologies).
Quantitative real-time PCR analysis
Transcript expression levels were measured by quantitative real time PCR (qPCR) (primers in Table S2 ) using SensiMix SYBR from Bioline (Taunton, MA, USA). Data were analyzed with ABI Prism sequence detection system software (Waltham, MA, USA). All analyses were performed in the linear range of amplifi cation. The data was plotted using Kaleidagraph (Synergy software, Reading, PA, USA). The height of each box represented the mean average of sample-specifi c 2 -ΔΔC T values. The samples were then normalized to 18S RNA expression that remained unchanged upon dsRNA depletion of the targeted genes. Data was expressed as mean ± SEM from at least three independent experiments. Statistical analysis was performed using one-way ANOVA analysis.
RESULTS

Gene selection and analysis of dsRNA induced in bacteria
Systemic RNAi transmitted through bacterial expression of dsRNA is commonly used in C. elegans (Timmons & Fire, 1998; Kamath et al., 2001) . Only genes that were strictly specifi c to GM were selected from the transcriptome profi les (Sparks et al., 2013) . Of a total of 10 genes identifi ed, fi ve that readily amplifi ed from genomic DNA were selected for depletion by RNAi (Table S1 ). These were: aminopeptidase N1 (APN1) (locus 22), identifi ed as the Cry1Ac endotoxin of Bt receptor in GM (Garner et al., 1999) ; Osiris 9 (Osi9) (locus 5421), a gene of unknown by feeding dsRNA either in a sucrose droplet to reduce the transcription of carboxylesterase gene (EposCXE1) in Epiphyas postvittana or from plants engineered to produce dsRNA against cytochrome P450 gene (CYP6AE14) in Helicoverpa armigera (Turner et al., 2006; Mao et al., 2007) .
For use of dsRNAs in lepidopteran insect biocontrol, elements including (a) appropriate gene targets, (b) effective RNAi causing negative impact, and (c) a delivery method through feeding are all needed to make their use in the environment practical. In the current study, specifi cally designed dsRNAs were examined for effi ciency in gene knockdown, depletion, and effects on GM larvae. These specifi c dsRNAs were produced by (i) bacterial expression or (ii) in vitro synthesis methods and were delivered to larvae per os by feeding.
MATERIALS AND METHODS
Gypsy moth rearing
GM larvae were reared from single egg masses to reduce variability. GM eggs were acquired from USDA/APHIS, Otis ANGB, MA. Larvae were reared to the third instar stage on artifi cial diet (AD) consisting of wheat germ, USDA vitamin mix, casein, wesson salts, sorbic acid, methyl paraben, and agar (Bell et al., p. 599 in Doane & McManus, 1981) in 180 ml plastic cups. Larvae were staged by rearing in groups of approximately 50 individuals until head capsule formation was observed signifying entry into the larval molt to 3rd instar.
Cloning and dsRNA expression in E. coli HT115(DE3)
GM-specifi c gene regions were identifi ed using NCBI BLASTx to eliminate off target insect homologies, examining GM transcriptomic profi les (Sparks & Gundersen-Rindal, 2011; Sparks et al., 2013) , and selecting regions sized between 200-500 base pairs. PCR products were generated from genomic DNA using oligonucleotide primers (Table S2 ) and cloned into the multiple cloning site (MCS) of the L4440 plasmid (Addgene plasmid 1654) (Timmons et al., 2001) using SmaI and PmlI restriction sites to yield APN1, locus 365, locus 28365, Osi9 and locus 4413 constructs. Subsequently, each plasmid was transformed into E. coli strain HT115(DE3) [Caenorhabditis Genetics Center at the University of Minnesota (Timmons et al., 2001) ] and plated on ampicillin and tetracyclin containing NZCYM-agar plates.
An overnight culture of transformed HT115(DE3) + plasmid was used to inoculate a 500 ml NZCYM media to an OD 600 = 0.05 and grown to an OD 600 = 0.4. Cells were induced with Isopropylß-D-1-thiogalactopyranoside (IPTG) to a fi nal concentration of 0.4 mM and further grown for 4 h at 37°C. Cells were harvested by centrifugation, weighed and stored at -80°C.
In vitro synthesis of double stranded RNA
The above PCR products were re-amplifi ed using primers fl anked with a T7 promoter sequence (5'-GAA TTA ATA CGA CTC ACT ATA GGG AGA-3'). LacZ (mock) fragment was amplifi ed from the E. coli genomic DNA as a control (primers listed in Table S2 ). PCR-amplifi ed DNA was purifi ed using the QIAquick PCR purifi cation kit (Qiagen, Germantown, MD). In vitro transcription to yield dsRNA was performed either by using the Megascript RNAi kit (Life Technologies, Carlsbad, CA) or T7 RNA polymerase by the manufacturer's protocol (Promega, Madison, WI). This reaction was incubated overnight at 37°C. Reactions were then centrifuged for 2 min at 13,000 rpm to pellet the magnesium pyrophosphate. This supernatant was treated with function that is syntenic between B. mori and Drosophila (Shah et al., 2012; Suetsugu et al., 2013) and displayed homology to the transcriptome profi le of GM; genes known only as locus 365, a hypothetical protein in Pectinophora gossypiella, locus 28365 unique to the GM transcriptome; and locus 4413, a predicted protein in Nematostella vectensis with partial homology to vitellogenin an egg yolk precursor protein in insect females (Hagedorn & Kunkel, 1979) in Rhipicephalus microplus.
To confi rm synthesis of dsRNA in HT115(DE3), a part of the induced culture was analyzed and dsRNA expression observed for the selected fragments (Fig. 1A) . The observed bands of expected size were insensitive to RNase A and DNase treatments and hence were assumed to be dsRNA. There was a 163 bp difference in size between the cloned fragments and the induced dsRNA contributed by the MCS region of L4440 vector, evident from the mobility of the dsRNA bands ( Fig. 1A , lanes 3, 4, 6, 7 and 8). To avoid any phenotypes resulting from the L4440 plasmid vector, we used the empty vector as a control (Fig. 1A , lane 2).
Bacterially expressed dsRNA stimulated RNAi in gypsy moth larvae
RNAi was most effective when larvae were allowed to feed continuously on extracellular dsRNA (Timmons et al., 2001; Li et al., 2011) . To test the effects of RNAi, bacterial suspension containing induced dsRNA mixed with AD was fed continuously to the 3 rd instar larvae for 5 days and transferred to AD devoid of dsRNA. Observations indicated that the larvae fed with locus 365 and locus 28365 dsRNA showed a striking two-fold loss in body mass after 13 and 18 days post-feeding of dsRNA when compared to the control ( Fig. 1B and Table S3A ). A signifi cant two-fold decrease in body mass was observed in larvae treated with locus 365 dsRNA after 13 days and a similar decrease was also observed in larvae that were treated with either locus 365 or locus 28365 dsRNAs 18 days post-feeding of dsR-NAs compared to L4440 control ( Fig. 1B and Table S3A ). This decrease in body mass may be symptomatic of decreased dietary intake due to RNAi.
As an alternative test of dsRNA mediated RNAi, the levels of transcript were evaluated in the gut of a subset of the larvae subsequent to dsRNA ingestion by qPCR. The expression of loci 365, 28365, 4413 and Osi9 were significantly reduced ( Fig. 1D-F ). Interestingly, APN1 showed a substantial 5-fold increase in level of transcripts (Fig. 1C ). This was most likely an anti-bacterial response to the E. coli bacteria fed to the larvae. A less likely possibility could be the gene may be part of a feedback loop controlling its own expression. At a threshold of translational blockage the animal may be compensating by up-regulating gene transcription resulting in enhanced mRNA expression as observed in the case of the CREB1-positive feedback loop (Liu et al., 2008) . In particular these results conclude that Fig. 1 . RNAi using bacterially expressed dsRNA. A -total RNA isolated from 2 ml of induced bacterial culture using TRIzol and treated with RQ1 DNase and RNaseA. Resistant bands denoted by (*) indicate dsRNAs for gene specifi c constructs analyzed by 1% AGE (Agarose Gel Electrophoresis). B -third instar larvae were fed on bacterially expressed dsRNA as indicated. Body mass was measured on the 13 th (P = 0.0519) and 18 th (P = 0.0936) days after stopping dsRNA feeding (n = 3, error bars indicate SEM; statistical analysis was performed using one-way ANOVA analysis with Fisher's LSD post hoc test shown in Table S3A ). C-G -expression of (C) APN1 (P = 0.0143), (D) locus 365 (P < 0.0001), (E) locus 28365 (P <0.0001), (F) Osi9 (P <0.0001), and (G) locus 4413 (P = 0.0002); genes in the mid-gut of GM were analyzed using qPCR. (Three biological replicates, error bars indicate SEM; One-way ANOVA P < 0.0001). Statistical analysis for C to G was performed using One-way ANOVA with Fisher's LSD post hoc test.
RNAi may be achieved by feeding bacterially expressed dsRNA in GM.
In vitro dsRNA synthesis for feeding
A second objective of this study was to develop sustainable methods for delivery of dsRNA for biocontrol of pests. Using Bt as pesticide is a common practice but using bacterial culture as a large-scale delivery system is unfeasible in the environment. Moreover, a previous study reported L4440 empty vector may induce gene silencing (Grishok et al., 2005) although we did not observe this occurrence. We investigated the possibility of using in vitro synthesized dsRNA for RNAi through feeding, which has never been assessed in GM. T7 promoter-fl anked DNA fragments ( Fig.  2A, lanes 2-6) were in vitro transcribed to generate their respective dsRNAs (Fig. 2B, lanes 2-6) and LacZ (2C) as control. Slower mobility of dsRNA was observed which is common when comparing dsRNA to dsDNA (Livshits et al., 1990) . The dsRNA was observed to be stable over the period of feeding.
dsRNA mediated RNAi contributed to physical variations in gypsy moth
We investigated the long-term effect of RNAi in GM by allowing larvae to feed on in vitro synthesized dsRNA and noting any phenotypic changes. We noticed that control larvae were physically better developed when compared to mock treated (Fig. 2D , compare panels a1-a4 to b1-b4). However, both control-and mock-treated larvae developed to be healthy adults. RNAi caused mortality in larvae treated with dsRNA against locus 28365 ( Fig. 2D, panel e4) and Osi9 (Fig. 2D, panel f1 ) after 2 days of treatment. More mortality was observed in larvae treated with dsRNA for locus 365 (Fig. 2D, panel d4 ), locus 28365 ( Fig. 2D, panel  e3 ), locus 4413 ( Fig. 2D, panel g2 ) and loci 365 + 28365 ( Fig. 2D , panels h1 and h3) after 4 days of stopping dsRNA feeding. While, Osi9 and loci 365 + 28365 dsRNA caused mortality after 10 days of stopping per os feeding (Fig. 2D , panels f4 and h2). Body mass of these larvae at 5 th -and 15 thday stages post dsRNA treatment was also measured. Larvae treated with APN1, locus 365, locus 28365, Osi9, locus 4413 and stacked loci 365 + 28365 dsRNAs displayed a 2to 3-fold decrease in body mass compared to control after 5 and 15 days ( Fig. 2E and Table S3B ). A similar depletion was observed only in larvae fed on stacked dsRNA for loci 365 + 28365 after 5 days post dsRNA treatment ( Fig. 2E and Table S3B ). Moreover, RNAi caused mortality except in controls and APN1 dsRNA treated larvae ( Fig. 2E ). Next we measured the egg mass from newly emerged adults as Fig. 2 . In vitro transcribed dsRNA mediated RNAi. A -PCR fragments of the indicated genes amplifi ed from PCR products from genomic DNA using primers containing T7 promoter sequence. B -in vitro transcribed dsRNA from indicated specifi c-genes. C -LacZ gene PCR product and in vitro transcribed dsRNA. All nucleic acids were analyzed by 1% AGE (Agarose Gel Electrophoresis). D -third instar larvae were fed on in vitro transcribed dsRNA indicated as LacZ RNAi (Mock), APN1, locus 365, locus 28365, Osi9, locus 4413, stacked loci 365 + 28365 (Scale = 1 cm). AD was mixed with water as control. E -effect of RNAi on body mass measured on days 5 (P = 0.02897) and 15 (P = 0.00146) after stopping dsRNA feeding. (Four biological replicates, error bars indicate variations in biological samples; all statistical analysis was performed using One-way ANOVA with Fisher's LSD post hoc test shown in Table S3B ). F -reduction in the egg masses in females post dsRNA treatment, P = 0.03578, Fisher's LSD for Mock vs locus 365, P = 0.0497; Mock vs locus 28365, P = 0.00138; and Mock vs locus 365, P = 0.0083. (Three biological replicates, error bars indicate variations in biological samples; all statistical analysis was performed using One-way ANOVA with Fisher's LSD post hoc test). a measure of fecundity. Adult female eclosions were observed only in the control (Fig. 2D, panels a1, a3 and a4) , mock (Fig. 2D, panel b1 ) and locus 365 ( Fig. 2D , panels d1 and d2) animals. Locus 365 depleted females had half as many eggs compared with mock-treated animals. In a separate experiment larvae treated with dsRNA for locus 365 and locus 28365 and allowed to develop to the adult stage displayed a 50% reduction in the egg mass of females compared to the mock treatment. When the dsRNAs for loci 365 and 28365 were stacked, the resulting egg mass was reduced by 60% than mock treated larvae (Fig. 2F ). Although only a modest difference was observed in the body mass of dsRNA treated animals as compared to the mock treated, the two-fold decrease in egg mass indicated that dsRNAs of locus 365, locus 28365 and stacked loci 365 and 28365 effectively induced RNAi in the animals. These results together indicated that RNAi aimed at the gene targets affected both development and fecundity of the animals.
RNAi using in vitro synthesized dsRNA depleted expression of target genes
If RNAi induces physiological variations then depletion of target gene expression upon dsRNA ingestion should be observed. To test this prediction and whether stacking dsR-NAs for loci 365 and 28365 in the diet had any potential additive or synergistic effects, levels of transcripts were assayed by qPCR for depletion in expression of target genes. Observations revealed that RNAi against APN1 and locus 365 signifi cantly depleted the level of expression of these transcripts and a biologically relevant decreased level of expression in larvae feeding on locus 28365 (Fig. 3A, B and C). Correspondingly, in the case of stacked dsRNAs, levels of transcripts were signifi cantly lower than for individual RNAi compared to their individual controls ( Fig.  3B and C) . We did not notice hyperexpression of APN1 as observed earlier (Fig. 1C) , instead there was signifi cant depletion in its expression (Fig. 3A) . Cheng and colleagues observed that after infection with microorganisms the expression of genes of the APN family were upregulated in Bombyx mori (Cheng et al., 2016) . Our observation corroborates this fi nding wherein bacterially expressed dsRNA showed overexpression of APN1 (Fig. 1C) to combat the bacterial pathogen, however, in vitro synthesized dsRNA diminished the level of APN transcripts (Fig. 3A) eliciting an RNAi response in the animal. Thus we conclude that RNAi in GM can be successfully accomplished by feeding in vitro synthesized dsRNA with potential for additive to synergistic effect when two dsRNAs are stacked. 
DISCUSSION
RNA interference (RNAi) technologies used to silence specifi c targeted genes by degrading RNAs have great potential to be applied for insect control that is safe and effective. However, induction of robust systemic RNAi in lepidopteran insects has been challenging and depends on the methods of delivery, uptake of the delivered dsRNA and the RNAi core machinery necessary for effective gene knockdown (Terenius et al., 2011) . The Argonaute and PPD (PAZ and Piwi domains) family of proteins Ago1, Ago2a, Ago2b and Aub, and endosomal escape of dsRNA are essential for an effi cient RNAi in insects (Zamore, 2001; Yoon et al., 2016) . Lepidopteran insects have been refractory to RNAi, their RNAi pathway genes or machinery have not yet been fully elucidated, and dsRNAs delivered orally to these chewing insects must pass through the alkaline midgut where they could be damaged. For example, Spodoptera frugiperda and Helicoverpa zea larvae showed enhanced dsRNA degradation and instability in the gut lumen and lack of subsequent processing of ingested plant dsRNAs into the 21 nt siRNAs essential for RNAi (Ivashuta et al., 2015) . Similarly, Wang and colleagues, reported that efficiency of chitinase gene depletion in Spodoptera litura was diminished due to enzymatic degradation of dsRNAs in the hemolymph and gut juice (Wang et al., 2016) . Thus, use in the environment of specifi c dsRNAs as biopesticides for lepidopteran larvae will require effi cacious oral delivery and gene-specifi c dsRNA stability.
RNAi has proved to be a potent tool for functional and regulatory studies of insect transcripts. Several successful methods of dsRNA delivery have been described, including microinjection to deliver an effective dose of dsRNA to a precise location in the animal, soaking, and ingestion to induce RNAi (Huvenne & Smagghe, 2010) . For example, dsRNA-mediated depletion of aminopeptidase and vitellogenin receptor genes in S. litura by microinjection has been demonstrated (Rajagopal et al., 2002; Shu et al., 2011) . Oral delivery of dsRNA in insects facilitates largescale gene screening by RNAi that aids the development of biopesticides (Kamath et al., 2001; Tian et al., 2009 ). In the present study, orally delivered dsRNAs for depletion of specifi c GM target genes were analyzed for assessment of their RNAi-based biomolecular impact on the pest. Previous studies demonstrated that the stability of siRNA was increased when complexed with polyethylene glycol (PEG) which effectively protected siRNAs from hydrolysis by serum nucleases and prevented absorption by serum proteins (Baigude & Rana, 2009; Draz et al., 2014) . Therefore, in the present study, a complex of dsRNAs with 2% PEG was delivered to larvae to prevent degradation and stabilize dsRNAs in the midgut. Two methods were used for synthesizing dsRNAs, (i) bacterial expression (Timmons & Fire, 1998) , and (ii) in vitro synthesis, for per os delivery to GM larvae.
Sequences homologous to C. elegans systemic RNAi defi cient-1 (sid-1) gene responsible for uptake in the gut and the systemic spread of dsRNAs, have been identifi ed in A. mellifera and B. mori (Winston et al., 2002; Honeybee Ge-nome Sequencing Consortium, 2006) . We observed a similar homologue of B. mori Sid-1 in the GM transcriptome (Sparks et al., 2013) . Hence, the primary mode of delivering dsRNA per os to the larval midgut to induce systemic RNAi had potential to be effective. Results indicated that GM larvae could orally ingest either bacterially expressed or in vitro synthesized dsRNAs, leading to targeted gene depletion in the midgut. When fed to larvae, dsRNAs for locus 365 and locus 28365 were responsible for consistent depletion of transcripts in vivo, while stacking these two dsRNAs led to an additive effect, with potential for a synergistic effect. Phenotypic analyses of these larvae demonstrated poor development and higher mortality upon depletion of target genes.
Members of a distinctive group of dsRNA nucleases predominantly expressed in insect gut tissue may be involved in the degradation of ingested dsRNA and hence interfere with RNAi effi ciency (Kolliopoulou & Swevers, 2014; Wynant et al., 2014) . To circumvent this issue we fed relatively high concentrations of dsRNA to larvae to generate an effi cient RNAi response in the gut. Higher doses of dsRNA were shown to upregulate gene expression of Argonaute and Dicer of RNAi machinery in animals (Garbutt & Reynolds, 2012) . Zhang and colleagues successfully demonstrated silencing of the chitin synthase gene in Anopheles gambiae using chitosan/dsRNA self-assembled nanoparticles, which stabilized dsRNA molecules enhancing RNAi effi cacy (Zhang et al., 2010) . We also evaluated oral delivery of chitosan/dsRNA nanoparticles to both whole larvae and IPLB-LdEp GM cultured tissue cells, however, partial transcript depletion was observed only in the latter (data not shown). This insuffi ciency may potentially have been due to resistance in the RNA transporter mechanism such as SID-1 (Winston et al., 2002) or the clathrin-dependent uptake of dsRNA (Xiao et al., 2015) in the endocytotic machineries to chitosan/dsRNA in lepidopteran insects.
This study was aimed at understanding the functional aspects of delivering dsRNA for uptake in GM midgut for the systemic depletion of targeted genes. We found oral delivery of dsRNAs produced by two methods to yield efficient depletion of target transcripts to induce RNAi in GM larvae, with suppression of certain gene targets leading to low body mass or low fecundity. When applied on a larger scale, these specifi c dsRNAs have potential to be used as molecular biopesticides. 
